In Arabidopsis thaliana, ARGONAUTE1 (AGO1) interacts with miR168 to modulate the small RNA regulatory pathway. However, the underlying mechanism of regulation and relationship between AGO1 and miR168 is poorly understood in the cash crop Solanum lycopersicum (tomato). We previously found that SlAGO1A and SlAGO1B were cleaved by miR168 in tomato. In this study, we show that SlAGO1A and SlAGO1B accumulate in miR168-sponge transgenic plants, and that expression of miR168-resistant SlAGO1A (4m-SlAGO1A) and SlAGO1B (4m-SlAGO1B) in tomato results in a series of defects affecting growth rate, floral timing, leaves, and fruit. Accumulation of miR156 was found when 4m-SlAGO1A was at an early developmental stage compared to the wild type and original SlAGO1A transgenic plants, and miR172 was highly expressed in adult 4m-SlAGO1A compared to the controls. In addition, the expression of multiple small RNAs was altered in 4m-SlAGO1A. Taken together, our data provide novel insights into the interaction between SlAGO1s and miR168 in determining growth rate, phase change, leaf epinasty, fruit initiation and expansion, and other developmental processes in tomato.
Introduction
In the 1990s, researchers found that the expression of exogenous genes could result in homologous and endogenous gene reduction, a process termed cosuppression (Napoli et al., 1990; van der Krol et al., 1990) . Furthermore, biosynthesis of double-stranded RNAs was shown to be key to cosuppression (Que and Jorgensen, 1998) . These findings led to the discovery of noncoding small RNAs [20-24 nucleotides (nt)], identified as important regulators in worms, plants, and animals (Hannon, 2002; Zamore, 2002; Ambros, 2003; Bartel, 2004) . Small interference RNAs (siRNAs) are small RNAs, generated from double-stranded RNAs, which can stop the translation of exogenous invading nucleic acids, and play important roles in the cellular immune system (Hannon, 2002; Zamore, 2002) . Since the importance of siRNA was discovered, functions of endogenous 21-24 nt small RNAs generated from stem-loop precursors have been identified and termed micro interference RNAs (miRNAs) (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001; Hannon, 2002; Zamore, 2002; Bartel, 2004) . Another type of endogenous siRNAs in plants are trans-acting siRNAs (tasiRNAs), containing multiple repeated units and generated from singlestranded RNAs; mature sequences are generated under the direction of miRNA Talmor-Neiman et al., 2006; Howell et al., 2007; Zhao et al., 2007; Heisel et al., 2008; Montgomery et al., 2008) .
In plants, the biosynthesis and function of small RNAs includes the formation of double-stranded RNAs or stem-loop structures; synthesis of small double-stranded RNA duplexes by dicer-like enzymes; modification; transportation into the cytoplasm or nucleus; binding with target genes or genomic DNA and cleavage in the RNA-induced RNA silencing complex (RISC); and repression of translation of genes at transcriptional or post-transcriptional levels (Schiebel et al., 1998; Waterhouse et al., 1998; Bass, 2000; Schauer et al., 2002; Allen et al., 2004; Deleris et al., 2006; KURIHARA et al., 2006; Allen and Howell, 2010) . ARGONAUTE (AGO), the core element of RISC, was first described as a ribonucleoprotein complex that mediates RNAi by combination with siRNAs (Caudy et al., 2002; Hannon, 2002; Hutvágner and Zamore, 2002; Ishizuka et al., 2002; Martinez et al., 2002; Morel et al., 2002; Caudy et al., 2003) . Typical AGO protein contains a variable N-terminal domain, a conserved C-terminal PAZ domain that recognizes the 3′-end of small RNAs, a MID (middle) that binds to the 5′-phosphate of small RNAs, and a PIWI domain carrying an Asp-Asp-His (DDH) motif as an active site that exhibits endonuclease activity similar to the activity of RNaseH (Hall, 2005; Rivas et al., 2005; Tolia and Joshua-Tor, 2007; Hutvagner and Simard, 2008; Boland et al., 2010) . There are ten AGO genes in Arabidopsis thaliana (Morel et al., 2002) , which were found playing important roles in developmental and defensive processes. Mutants of ago1-null exhibited early developmental defects including filamentous leaves and abnormal inflorescences (Bohmert et al., 1998) . Mutants of ago2-null did not show significant developmental defects, but were hyper-susceptible to viral infection as well as ago1-null mutants, indicating that both AGO1 and AGO2 participated in viral defence (Morel et al., 2002; Harvey et al., 2011) . AGO4 could combine with transposon siRNA to methylate genomic histone (Zilberman et al., 2003) . Mutants of ZIP/AGO7 led to an advanced transition from the juvenile to the adult phase (Hunter et al., 2003) , and ZIWILLE/PINHEAD/ AGO10 was found to affect meristem maintenance (Moussian et al., 1998; Moussian et al., 2003 ). Zhu's research showed that AGO10 combined with miR165/166 as a locker and released HID-ZIPIII from AGO1 miR165/166 , resulting in maintenance of the meristem (Zhu et al., 2011) .
Out of ten members of the ARGONAUTE family in Arabidopsis, only AGO1 is regulated by miR168; AGO2 is regulated by miR403 Vazquez et al., 2004; Allen et al., 2005; Vaucheret et al., 2006) . miR168 is a conserved miRNA according to miRBase (latest update 24 June 2013), which could be detected in 30 species. There are two miR168 loci in Arabidopsis (Ath), Populus trichocarpa (Ptc), Solanum lycopersicon (Sl) (tomato) and Brassicaceae (Reinhart et al., 2002; Tuskan et al., 2006; Itaya et al., 2008; Yin et al., 2008; Gazzani et al., 2009; Xian et al., 2013) . Expression of miR168b was found in emerging leaves and in a region underneath the shooting meristem in Brassicaceae (Silva et al., 2002) , while miR168a was constitutively expressed with a pattern similar to that of AGO1 Gazzani et al., 2009) . Transgenic plants expressing miR168-resistant AGO1 (4m-AGO1) resulted in developmental defects , demonstrating that expression of AGO1 under the control of miR168 is crucial for plant development. Further research found that AGO1 and miR168 played a part in ABA responses; ago1 mutants with overexpression of miR168 gained resistance to drought (Li et al., 2012) . In tomato, 15 SlAGO genes were identified and isolated (Bai et al., 2012; Xian et al., 2013) . Interestingly, both SlAGO1A and SlAGO1B were confirmed to be cleaved by miR168 (Xian et al., 2013) .
In this study, both miR168-sponge and miR168-resistant SlAGO1s (4m-SlAGO1A and 4m-SlAGO1B) were employed to analyse the relationship between miR168 and SlAGO1s. Furthermore, the expression of multiple small RNAs was investigated at different developmental stages to reveal the involvement of miR168 in miRNA-controlled processes.
Materials and Methods

Plant materials and growth conditions
Tomato (Solanum lycopersicum cv. Micro-Tom) plants were grown in a standard culture chamber under the following conditions: 16/8 h day/night cycle, 23°C, 80% humidity, and 2000 µmol s -1 m -2 light intensity. Seeds were sterilized and then planted on 1/2 MS with 0.8% agar, pH 5.9 for 7 days and seedlings with similar status were transferred to soil.
Plasmid construction and plant transformation
Precursors of miR168 (pre-miR168a and pre-miR168b) were amplified with tomato genomic DNA, and directly linked to pLP100; full-length SlAGO1A and SlAGO1B was amplified using mixed tomato cDNA as a template. Fragments of SlAGO1A and SlAO1B were cloned into pEasy-blunt vector (Transgene, China) and then digested with BamHI and SalI. The digested fragments were purified and linked to pLP100; 4m-SlAGO1A and 4m-SlAGO1B were generated by PCR-based point mutation as described previously (Xian et al., 2013) . Fragments of miR168-sponge were synthesized by Genescript Crop (Nanjing, China) and cloned into pBI121, and then positive clones were selected by 35S-F and GUS-R according to the length of fragments. All fragments were sequenced and constructed under the control of the cauliflower mosaic virus 35S promoter and Nos terminator. Transgenic plants were generated according to Wang et al. (2005a) and positive plants were selected using kanamycin and PCR amplified with specific primers, sequences of which are listed in Supplementary Table S1 .
RNA isolation and quantitative real-time PCR
Total RNA was isolated from each tissue using Trizol Reagent (Invitrogen, USA). RNAs used for cDNA synthesis were pre-treated with DNaseI (Fermentas, Thermo, USA). cDNAs were reverse transcribed using a FirstAid cDNA synthesis kit (Fermentas, Thermo, USA). Poly(A) was added to the total RNA used for quantitative PCR of miRNA using Escherichia coli Poly(A) Polymerase (NEB, UK) at 37°C for 30 min and then reverse transcription was performed using 3CDs: AAGCAGTGGTATCAACGCAGAGTAC TTTTTTTTTTTTTTTTTTTTTTVN. Quantitative real-time PCR (qRT-PCR) was performed using cDNAs corresponding to 2.5 ng of total RNA in a 20 µl reaction volume using FastSYBR Mixture (CWBIO, China) on Bio-Rad CFX connect. Slactin-51 (accession number Q96483) or U6 (accession number X51447.1) were used as reference genes for mRNA or miRNA examination, respectively. For target gene analysis, qRT-PCR was performed with primers flanking the miRNA target sites. Gene accession numbers and primers for qRT-PCR are listed in Supplementary Table S1 .
Analysis of miRNAs, target gene prediction, and degradome sequencing in tomato
Mature sequence of ath-MIR171a (MI0000214), ath-MIR172a (MI0 000215), ath-MIR160a (MI000190), ath-MIR164a (MI0000197), ath-MIR167a (MI0000208), ath-MIR393a (MI0001003), and tas3 (At3g17185) were used to BLAST the tomato small RNA database (http://ted.bti.cornell.edu/cgi-bin/TFGD/sRNA/home.cgi); the most redundant miRNAs in tomato were used for further analysis.
Target genes were predicted using online tools in the tomato functional genomics database or BLAST in NCBI. Degradome of mixed tomato tissues was sequenced by BGI (China), and local BLASTs were performed to verify cleavage at predicted slicing sites of target genes. Version of BLAST: BLAST-2.2.28+ (Altschul et al., 1997) .
Results
Identification of two miR168 loci in the tomato genome and construction of miR168 loss-of-function vectors
Two SlmiR168 loci were found in tomato (Supplementary Figure S1 ). In this work, four-point-mutated miR168-resistant SlAGO1A (4m-SlAGO1A) and SlAGO1B (4m-SlAGO1B) were generated, and miR168-sponge (miR168-SP) vector which contained six units of miR168 complimentary sequence was employed to study the impact of miR168 on SlAGO1A and SlAGO1B (Supplementary Figure S2) . Primers used for point mutation are listed in Supplementary Table S1 .
Accumulation of SlAGO1s in miR168 loss-of-function transgenic plants
We previously reported that SlAGO1A and SlAGO1B were cleaved at the target site of miR168 (Xian et al., 2013) . In this study, there was accumulation of SlAGO1A (2.30 to 4.57-fold) and SlAGO1B (3.34 to 5.79-fold) in miR168-SP compared to the wild type ( Fig. 1A and B ). In addition, there was accumulation of SlAGO1A (2.0 to 2.4-fold) in 4m-SlAGO1A compared to controls (Fig. 1C) , and accumulation of SlAGO1B (2.2 to 3.2-fold) in 4m-SlAGO1B compared to controls (Fig. 1D) .
Impact of 4m-SlAGO1A on growth rate, floral transition, leaf epinasty, and fruit expansion
Under standard growth conditions, 35S:miR168 plants were taller than the wild type (Supplementary Figures S4 and S5) , and miR168-SP transgenic plants were slightly shorter compared to the wild type (Supplementary Figure S4) . The height was measured from 15 days post germination (DPG) every 2 or 4 days, and we found that 4m-SlAGO1A transgenic plants [4m-SlAGO1A-1#, 68.39 ± 2.50 mm; 4m-SlAGO1A-4#, 74.22 ± 2.87 mm; 4m-SlAGO1A-5#, 74.33 ± 2.80 mm (mean ± SEM)] were significantly lower than controls [wild type, 83.30 ± 3.12 mm; SlAGO1A-1#, 85.69 ± 2.66 mm (mean ± SEM)] from 29 DPG. Furthermore, the difference of height between 4m-SlAGO1A [4m-SlAGO1A-1#, 133.68 ± 4.53 mm; 4m-SlAGO1A-4#, 138.32 ± 5.03 mm; 4m-SlAGO1A-5#, 138.25 ± 5.27 mm (mean ± SEM)] and controls [wild type, 162.42 ± 3.19 mm; SlAGO1A-3#, 170.59 ± 3.89 mm (mean ± SEM)] reached a peak at 39 DPG. This gradually reduced at 43 DPG and 47 DPG ( Fig. 2 and Supplementary Fig. S3 ).
Under standard growth conditions, average floral timing of wild type micro-Tom was about 40 DPG. Only miR168a-1 (44.83 ± 0.21 DPG, mean ± SEM) and miR168b-3 (47.19 ± 0.73 DPG, mean ± SEM) exhibited a delay in floral transition, while no significant change of floral transition appeared in the other three miR168a and three miR168b independent transgenic lines (Supplementary Table S2 ). However, the three independent transgenic lines of 4m-SlAGO1A and 4m-SlAGO1B did show a delay in floral transition (Table 1  and Supplementary Table S2) . Interestingly, viviparous germination of mature seeds in overripe fruit of miR168a-1 and miR168b-3 was observed (data not shown), while overexpression of miR168 in Arabidopsis made seeds hypersensitive to ABA during germination (Li et al., 2012) , indicating that miR168a-1 and miR168b-3 were cosuppression lines of miR168.
Besides the reduction in height, leaves of 4m-SlAGO1A and 4m-SlAGO1B transgenic plants did not show abnormalities at early stages of development. However, ~43-59% of 4m-SlAGO1A transgenic plants exhibited epinasty, first observed after 43 DPG (Fig. 3) , and 4m-SlAGO1B transgenic plants exhibited similar epinasty of leaves in adult plants (Supplementary Table S3 ).
Abnormal frequently shooting and dwarf plants were found in 4m-SlAGO1A and 4m-SlAGO1 (Supplementary  Table S4 ; Supplementary Figures S6 and S7). As shooting progressed, callus-like tissue emerged between two cotyledons, where two true leaves would normally exist. This kind of abnormal meristem was also found in miR168-sponge-3# (Supplementary Figure S6) .
Moreover, >50% of 4m-SlAGO1A and 4m-SlAGO1B plants showed defects on fruit expansion ( Fig. 4A and Supplementary Table S4 ). In fruit with moderate size defects, no seed or limited seed could be harvested (Fig. 4B) , and the size was only 9.19 ± 2.50 mm (mean ± SD, n = 150); the size of the wild type was 17.81 ± 3.14 mm (mean ± SD, n = 150) (Fig. 4C) . In 4m-SlAGO1A and 4m-SlAGO1B with severe defects in fruit size, fruit reached no more than 4 mm and never changed colour (data not shown). More interestingly, in part of miR168b-1# (5.0%) and miR168b-4# (7.2%), the pistil emerged out of stamens on the second day after anthesis (Supplementary Figure S8) . Also pistils of 4m-SlAGO1A which exhibited severe defects on fruit expansion were shorter than those of the wild type (Supplementary Figure S8) .
4m-SlAGO1A influences miRNA accumulation
According to the slow growth rate of 4m-SlAGO1 (Fig. 2 and Supplementary Figure S3) , it was proposed that 4m-SlAGO1A led to accumulation of miRNAs which participated in the growth phase transition. miR156 was considered as an ageing marker of plants, along with miR172, to determine the phase transition from juvenile to adult plants Wu et al., 2009; Jung et al., 2011) . Expression of miR156 was detected in 4m-SlAGO1A transgenic plants at 15, 19 , and 23 DPG, as well as in controls. The results showed that miR156 was gradually downregulated in wild type and SlAGO1A-1# transgenic plants during the developmental process (0.72-fold in 19 DPG plants and 0.54-fold in 23 DPG plants compared to 15 DPG plants), but was overexpressed (more than 3-fold) in 4m-SlAGO1A compared to controls (wild type and SlAGO1A-3#), and barely changed during the detected developmental stages of 4m-SlAGO1A (Fig. 5) . Otherwise, in plants at 35, 39, and 43 DPG, miR172 significantly increased during the developmental stages in 4m-SlAGO1A lines (more than 3.7-fold at 43 DPG compared to 35 DPG 4m-SlAGO1A plants; Fig. 6 ). Meanwhile, it was only 1.5-fold higher at 43 DPG compared to 35 DPG wild type and SlAGO1A# plants (Fig. 6) .
Other small RNAs that might take part in the disruption of 4m-SlAGO1A transgenic plants were detected (Fig. 7) . Expression of miR164 and miR167 was impaired, while accumulation of miR166, miR171, and miR393 increased in 4m-SlAGO1A compared to the wild type and SlAGO1A-1# (Fig. 7) .
Discussion
Small RNAs, important post-transcriptional regulators of target gene expression in eukaryotic organisms, fulfil their functions relying on the activity of RISC (Altuvia et al., 1997; Opdyke et al., 2004) . Small RNAs are composed of 20-30 nucleotides, containing coding sequences that direct RISC to recognize target genes and information of preference to AGO proteins, which are core elements of RISC (Song et al., 2004; Kim, 2008; Takeda et al., 2008; Thieme et al., 2012) . miRNAs are a class of small RNA endogenously generated from stemloop structures, having the ability to regulate both chromatin state and encoding progress of target genes Volpe et al., 2002; Sigova et al., 2004; Chellappan et al., 2010) . In Arabidopsis, miR168 regulates AGO1, and loss of miR168 function causes developmental defects . Evidence indicates that miR168 participates in systemic regulation of plants by affecting expression of AGO1. Interestingly, overaccumulation of 4m-AGO1 would significantly increase the content of miR168 in Arabidopsis, suggesting that binding into high levels of RISC could improve the stabilization of miR168 and also be important in other contexts (Vaucheret et al., 2006) . AGO proteins preferentially recruit small RNAs by selecting the 5′-terminus of small RNAs (Mi et al., 2008) , and miRNA-AGO sorting signal was coded in the form of sequence position (Thieme et al., 2012) . The miRNA network has been shown to be rather complex, and many small RNAs were found regulating other small RNAs, either directly or indirectly (see reviews in Rubio-Somoza and Weigel, 2011). In our results, miR156 overaccumulated in early stages of 4m-SlAGO1A growth compared to wild type and SlAGO1A-3# transgenic plants, and the decrease during early developmental stages of controls was not observed in 4m-SlAGO1A transgenic lines at ages 15, 19, and 23 DPG (Fig. 5) . In contrast, miR172 dramatically increased in 4m-SlAGO1A lines of ages 35, 39, and Fig. 2 . Height of wild type (WT) and 4m-SlAGO1A plants at different development stages. Heights of wild type, 4m-SlAGO1A-1#, 4#, and 5# plants were measured every 4 days from 27 to 47 DPG; SlAGO1A-1# was used as a control. At least 20 samples were measured for each independent transgenic line and control, and error bars indicate SEM: *, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***P < 0.001. 43 DPG compared to slight increases in the later stages of controls (Fig. 6) . Combined with the reports on miRNA in Arabidopsis, it suggests that specific spatio-temporal expression of small RNAs and the preference of SlAGO1A for specific miRNA determined the accumulation or decrease of small RNAs, and the nodes between small RNAs were also responsible for small RNA fold changes in 4m-SlAGO1A. Developmental timing, which is important for plants to adapt to environmental changes, has been found to be regulated by miRNAs (Rubio-Somoza and Weigel, 2011) . In Arabidopsis, parts of 35Sx2 miR168 plants exhibited delays in floral transition (Vaucheret et al., 2006) . Interestingly, mutations of the endogenous F-box which degraded AGO1 protein crossed with weak ago1 alleles, causing an increase of AGO1 expression, resulted in later abaxial trichome formation compared to ago1 (Earley et al., 2010) , indicating that both downregulation of AGO1 by miR168 and increases of AGO1 could influence phase transition in Arabidopsis. In this study, slower growth rate and delay in floral transition were observed in 4m-SlAGO1A and 4m-SlAGO1B transgenic lines (Table 1, Fig. 2, Supplementary Figures S3 and  S4 , and Supplementary Table S3 ). In Arabidopsis, miR156 was sufficient in the juvenile phase (Wu et al., 2009) and was considered as an ageing marker of plants which decreased during vegetable phase transition (Wu and Poethig, 2006) . Moreover, overexpression of miR156 resulted in a delay in vegetable phase transition (Jung et al., 2011) and could influence floral transition in switchgrass (Fu et al., 2012) . Our results showed that expression of miR156 at 15 DPG was 1.8-fold higher than the wild type at 23 DPG (Fig. 5) , indicating that miR156 might play similar roles in tomato phase transition as in Arabidopsis. However, accumulation of miR156 was more than 3-fold higher in 4m-SlAGO1A compared to the wild type and SlAGO1A-3#, and barely changed in 4m-SlAGO1A lines at ages 15, 19, and 23 DPG (Fig. 5) . Along with the evidence of the growth rate and floral transition delay in 4m-SlAGO1A (Fig. 2 and Table 1), it is proposed that increased 4m-SlAGO1A in the juvenile phase resulted in accumulation of miR156, which kept plants in the juvenile stage, causing a slower growth rate and delay of floral transition.
Leaf epinasty is a typical constitutive ethylene response in adult plants (Stewart and Freebairn, 1969; Bradford and Dilley, 1978) . In the present study, leaf epinasty was observed in the 4m-SlAGO1A and 4m-SlAGO1B plants (Fig. 3 and Supplementary Table S3) . Recently, miRNAs were found participating in ethylene signal transduction. miR164 was directly regulated by ethylene-insensitive 3, and overexpression of miR164 delayed leaf senescence in Arabidopsis . Moreover, ERF.B3-SRDX transgenic tomato plants in which ERF.B3 was fused to a repressor domain showed leaf epinasty in adults (Liu et al., 2013) . AP2, which was regulated by miR172, was shown to control floral timing and development (Wu et al., 2009; Wollmann et al., 2010) and the AP2-like gene family was shown to contain the ethylene response factor (ERF) subfamily (Okamuro et al., 1997) . The epinasty in 4m-SlAGO1A might be caused by repression of AP2 by overaccumulated miR172 in adult plants. In the degradome analysis, three out of eight putative AP2-like genes in tomato were found to be cleaved by miR172 at the complimentary site (Supplementary Table S5 and Supplementary Figure  S10 ), while three out of four putative CUP-SHAPED COTYLEDON (CUC) genes in tomato were cleaved by miR164 at the complimentary site (Supplementary Table S5 and Supplementary Figure S10 ). qRT-PCR investigation of miR172 and miR164 showed that miR172 overaccumulated in the adult 4m-SlAGO1A transgenic lines compared to wild type and SlAGO1A-3# (Fig. 6 ), while miR164 decreased in 4m-SlAGO1A (Fig. 7) . Thus it was suspected that overaccumulation of miR172 and a decrease of miR164 were responsible for leaf epinasty; however, it was noticeable that not all 4m-SlAGO1A plants showed leaf epinasty, and other factors might also be involved.
Fruit initiation and development is a complex biological process, as shown by multiple plant hormones found to be participating (Srivastava and Handa, 2005) . Auxin, a plant hormone, could control plant growth and morphogenesis, and one of its functions is to turn the floral ovary into a fruit (Homan, 1964) . Multiple miRNAs take part in auxin signal transduction. In Arabidopsis, miR160 has been shown to regulate ARF10, ARF16, and ARF17 acting on seed germination, root cap formation, or proper development (Mallory et al., 2005; Wang et al., 2005b; Liu et al., 2007) . miR167 regulates both female and male reproduction through control of expression patterns of ARF6 and ARF8 . Tas3, under the direction of miR390, is able to regulate ARF2, ARF3, and ARF4 post-transcriptionally, and all of the target genes influence lateral root growth (Marin et al., 2010) . The auxin receptor TIR1/AFB2, a target gene of miR393, was shown to regulate auxin perception and certain auxinrelated leaf development (Si-Ammour et al., 2011) . Although no direct evidence indicated that miRNA was involved in fruit initiation and development, ARF8 was found to be a negative regulator of fruit initiation in Arabidopsis (Goetz et al., 2006) , and overexpression of aberrant forms of ARF8 in Arabidopsis and tomato resulted in parthenocarpy (Goetz et al., 2007) . Moreover, previous work showed overexpression of SlTIR1-stimulated parthenocarpy in tomato (Ren et al., 2011) . As auxin could result in parthenocarpy in tomato, and fruit of 4m-SlAGO1A exhibited parthenocarpy (Fig. 4B) , it was inferred that auxin-related miRNA might participate in fruit initiation and development. The expression of auxinrelated miRNAs and their target genes were examined in the fruit initiation and early expansion processes, revealing that all miRNAs or tasi-RNAs investigated were downregulated during ovary development (Supplementary Figure S9) . Among the target genes investigated, only ARF4 was upregulated after fertilization and the early stage of fruit expansion (Supplementary Figure S9) . The most likely auxin-related miRNAs involved in the defects of 4m-SlAGO1A were miR393 and miR167. Compared with the controls, slight upregulation of miR393 and downregulation of miR167 were found in 4m-SlAGO1A (Fig. 7) , which would result in a decrease of TIR1 and an increase of ARF8. Theoretically, both situations contributed to inhibition of fruit initiation and resulted in severe defects in fruit size in 4m-SlAGO1A plants (Fig. 4) . The fruit with moderate defects in 4m-SlAGO1A was seedless and smaller than the wild type (Fig. 4A , B, and C), which was not the same as the fruit of tomato with continuous overexpression of SlTIR1 or Atarf8-4 (Goetz et al., 2007; Ren et al., 2011) , indicating that other miRNAs might also act on parthenocarpy and fruit expansion. Gibberellin (GA) is another plant hormone which has the ability to induce parthenocarpy (de Jong et al., 2009) . The GRAS gene family, which contains the DELLA domain, displays activity in the repression of the GA response (Dill et al., 2004; Itoh et al., 2005) . Control of plant height is one biological function of GA, and overexpression of miR171 in Arabidopsis resulted in taller plants; there was post-transcriptional regulation of members of the GRAS gene family by miR171, including SCARECROW-LIKE6-II (SCL6), SCL6-III, and SCL6-IV (Wang et al., 2010) , indicating that miR171 might participate in GA signal transduction. In our work, miR171 was upregulated in 4m-SlAGO1A plants compared to the wild type and SlAGO1A-3# (Fig. 7) , showing that miR171 is a potential candidate of parthenocarpy in 4m-SlAGO1A and 4m-SlAGO1B plants.
Although we endeavoured to explain how miR168 influenced plant development, it was hard to completely show the specific factors that were the direct cause of abnormalities in 4m-SlAGO1A plants. The miRNA network is so complicated that multiple miRNAs might take part in any biological process. Also, most target genes of miRNAs are important regulators, and each of them has the ability to transduce signals, making the influence of miR168 large and prolonged. According to our work, it was demonstrated that miR168 transduced signals via RNA-induced silencing pathways that were dependent on SlAGO1A and SlAGO1B. Furthermore, 4m-SlAGO1A and 4m-SlAGO1B disrupted the balance between miR168 and SlAGO1s, causing defects in growth rate, floral phase transition, leaf epinasty, and fruit initiation and expansion in tomato by altering the status of related small RNAs.
Supplementary material
Supplementary data can be found at JXB online.
Supplementary Table S1 . Primers used in PCR and qRT-PCR.
Supplementary Table S2 . Floral timing of miR168 transgenic plants and 4m-SlAGO1B transgenic plants.
Supplementary Table S3 . Ratio of plants with epinastic leaves in 4m-SlAGO1B lines.
Supplementary Table S4 . Ratio of growth abnormality or fruit abnormality in 4m-SlAGO1A and 4m-SlAGO1B plants.
Supplementary Table S5 . IDs of small RNAs and target genes in tomato.
Supplementary Figure S1 . Precursors of miR168 in tomato. Supplementary Figure S2 . Construction of miR168-sponge. Supplementary Figure S3 . Height curve of 4m-SlAGO1A and controls during development. Height of plants was measured from 15 to 47 DPG; at least 20 plants were used for each independent line.
Supplementary Figure S4 . Height of plants at 32 DPG. Supplementary Figure S5 . miR168 transgenic plants were higher than the wild type.
Supplementary Figure S6 . C-like shoot abnormality in 4mSlAGO1A, 4m-SlAGO1B, and 35S:miR168-sponge-3#.
Supplementary Figure S7 . Dwarf 4m-SlAGO1A and 4m-SlAGO1B plants.
Supplementary Figure S8 . Abnormal pistils observed in miR168, 4m-SlAGO1A, and 4m-SlAGO1B.
Supplementary Figure S9 . Examination of miR167, miR160, miR393, miR164, miR166, tas3, and target genes of each small RNA during fruit initiation and the early stages of fruit expansion. -2 d, ovaries collected from flowers 2 days before anthesis; 0 d, ovaries collected from flowers on the day of anthesis; 4 d, ovaries collected from flowers 4 days after anthesis; 6 d, fruit collected 6 days after anthesis.
Supplementary Figure S10 . Degradome analysis of predicted target genes. 
